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ABSTRACT' 

Surface-Enhanced  Raman  Scattering  (SERS)  for  pentaammineosmium(III)  and  penta- 
ammineruthenium(II)  containing  pyridine  (py)  ,  pyrazine  (pz)  ,  or  4 , 4 ’-bipyridine  (bpy) 
ligands  adsorbed  at  the  silver-aqueous  interface  has  been  examined  as  a  function 
of  electrode  potential  to  explore  vibrational  changes  associated  with  electron 
transfer  involving  simple  adsorbates.  SERS  was  observed  for  the  pyridine  complexes 
despite  tueir  lack  of  an  unshared  electron  pair  for  surface  binding,  although 
more  intense  spectra  were  obtained  for  the  pyrazine  and  bipyridine  complexes  which 
contain  a  remote  nitrogen  lone  pair.  SER  vibrational  bands  for  metal-ligand  and 
internal  ammine  modes  were  observed  in  addition  to  those  due  to  heterocycle 
ring  modes.  Marked  shifts  were  observed  in  the  frequency  of  several  vibrational 
bands  for  adsorbed  (^(NH^^py  and  Os(NH^)^pz  as  the  electrode  potential  was 
naue  more  negative  that  are  consistent  with  the  reduction  of  Os(III)  to  Os(Il). 

Tin.  po: untia1 -dependent  concentrations  of  adsorbed  Os(III)  and  Os(ll)  as 
determined  using  SERS  are  in  good  agreement  with  those  obtained  from  rapid 
1  y  1  il'  ltai“...e try.  The  bulk-phase  Raman  spectra  exhibit  resonance  enhancement, 

Sucu  el.  etrouic  resonance  also  contributes  to  the  overall  signal  enhancement  seen 
in  .  ie  SLR  spectra.  The  oxidation— state  dependent  signal  enhancement  seen  for 
ls(‘“t  ,  yr’7  indicates  that  its  electronic  properties  are  modified  by  adsorption. 


1 


l 


INTRODUCTION 

The  recent  discovery  of  Surface-Enhanced  Raman  Scattering  (SERS)  for  adsorbates 

at  silver,  copper,  and  gold  surfaces  has  generated  much  experimental  and  theoretical 
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activity  aimed  at  understanding  the  underlying  physical  phenomena.  The 

SERS  technique  also  holds  promise  as  a  major  tool  for  investigating  the  detailed 

molecular  properties  of  adsorbates  in  electrochemical  environments,  for  which 

2d  c 

spectroscopic  examination  had  previously  been  impractical.  *  Although  a  variety 

of  electrochemical  adsorbates  have  now  been  demonstrated  to  yield  SERS,  surprisingly 

few  attempts  have  been  made  to  quantitatively  relate  the  nature  and  intensity  of 

SERS  signals  to  the  electrochemical  properties  of  the  system. 

To  this  end,  the  Purdue  group  has  been  examining  SERS  of  structurally  simple 

adsorbates  at  silver-aqueous  interfaces  for  which  independent  information  can  be 

3-5 

obtained  on  the  surface  composition  and  structure.  In  particular,  we  have 

demonstrated  simple  relationships  between  the  intensity  of  SERS  signals  and  the 

coverage  for  a  number  of  simple  anionic  adsorbates  as  determined  from  corresponding 

3 

capacitance-potential  data.  Our  overall  objective  is  to  utilize  SERS  not  only  to 
gain  detailed  information  on  structure  and  bonding  for  electrochemical  adsorbates, 
but  also  to  follow  molecular  transformations,  especially  electron-transfer 
reactions,  at  electrode  surfaces. 

For  initial  study  we  selected  electrode  reactions  involving  simple  one- 
electron  transfer  for  which  both  redox  states  are  detectably  adsorbed  and  structurally 
similar.  Although  suitable  model  systems  are  not  abundant,  a  number  of  Os(III)/ (II) 
and  Ru(III)/(II)  pentaammine  couples  exhibit  several  desirable  features.  In 
particular,  OsOffl^) and  RuCNH^^L111^1  are  substitutionally  inert  in  both 
oxidation  states  for  a  number  of  coordinated  ligands,  L,  which  are  also  capable 
of  binding  to  metal  surfaces.  Suitable  bridging  ligands  include  simple  inorganic 
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anions  and  organic  ligands  such  as  nitrogen  heterocycles  that  contain  an  aromatic 
ring  and/or  a  functional  group  expected  to  adsorb  at  silver.  Suitably  intense  SF.R 
spectra  were  obtained  for  pentaammineruthenium(II)  and  pentaammineosmium(IH ) 
complexes  containing  pyridine  (py)  and  pyrazine  (pz) ,  adsorbed  at  silver  surfaces. 
Some  spectra  were  also  obtained  for  Os^^  (NH^) ^bpy  (bpy  =  4,4 '-bipyridine)  . 

Although  the  Ru(NH^) couples  have  bulk-phase  formal  potentials,  E^,  that 

7a 

are  somewhat  more  positive  (60  and  245  mV  vs.  see  for  L  =  py  and  pz,  respectively  ) 
than  the  potential  region  (ca.  0  to  -1.0  V  vs  see)  typically  available  at  silver- 
aqueous  interfaces,  the  corresponding  OsCNH^) couples  have  values  of  E^ 
that  lie  within  this  region  (E“  =  -650,  -240,  and  -465  mV  vs  see  for  L  =  py,  pz, 
and  bpy,  respectively^’*").  The  latter  adsorbates  are  therefore  expected  to  be 
present  in  either  the  III  or  II  oxidation  state  at  silver,  depending  on  the  applied 
potential.  Alteration  of  the  osmium  oxidation  State  is  expected  to  yield  significant 
changes  in  the  vibrational  properties  of  the  heterocyclic  ring  as  well  as  in  the 
metal-nitrogen  modes  since  the  added  electron  will  be  extensively  delocalized  via 
TT-bonding.  Such  adsorbed  redox  couples  having  nitrogen  heterocycle  bridging  groups 
constitute  heterogeneous  analogs  of  the  much-studied  intramolecular  redox  systems 

g 

in  homogeneous  solution.  An  additional  reason  for  selecting  these  systems  is 

that  nitrogen  heterocycles  have  received  extensive  scrutiny  as  model  adsorbates 
2 

for  SERS  at  silver. 

We  present  here  SER  spectra  for  these  osmium  and  ruthenium  complexes  as  a 
function  of  electrode  potential.  These  are  compared  with  corresponding  vibrational 
spectra  for  the  bulk-phase  metal  complexes  in  both  III  and  II  forms,  along  with 
electrochemical  data  for  the  adsorbed  Os(III)/(II)  couples,  in  order  to  explore 
the  ability  of  SERS  to  detect  redox  transformations  at  metal  surfaces.  The 
potential-dependent  surface  concentrations  of  the  Os(III)  and  Os(II)  adsorbates 


as  determined  using  SERS  are  compared  with  corresponding  data  obtained  by 

conventional  electrochemical  means.  A  preliminary  communication  describing  SEkS 

of  adsorbed  OstNH^^py111^1  has  already  appeared. ‘>a  A  complete  compilation  ot 

the  various  vibrational  bands,  along  with  a  detailed  discussion  of  the  vibrational 
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mode  assignments,  is  given  elsewhere. 


EXPERIMENTAL 

The  various  pentaammineruthenium(II)  and  pentaramineosmiura(III)  complexes  with 
pyridine,  pyrazine  and  4 ,4 '-bipyridine  ligands  were  prepared  as  halide  or 
trif luoromethanesulfonate  salts  essentially  as  detailed  elsewhere . Both 
SERS  and  electrochemical  studies  employed  0.05-1  mM  aqueous  solutions  in  either 
0.1  M  NaCl  or  NaBr,  which  also  contained  0.1  M  HC1  in  the  case  of  the  pyridine 
complexes  to  suppress  base-catalyzed  disproportionation.11  Ammine  deuteration 
was  performed  by  dissolving  the  complexes  in  neutral  D^O  followed  by  acification 
after  ca  5  min. 

Raman  excitation  was  obtained  using  either  a  Spectra  Physics  Model  165  Kr+ 
laser  (647.1  run)  or  Ar+  laser  (514.5  nm) .  Both  a  scanning  double  monochromator 
(either  a  Jarrell-Ash  Model  25/100  or  a  SPEX  1403)  and,  later,  a  triple  spectrograph 
optical  multichannel  analyzer  (OMA)  arrangement  (SPEX  1877-PAR  OMA  2)  were  utilized 
to  obtain  Raman  spectra.  Further  details  of  the  Raman  and  infrared  experimental 
procedures  are  given  in  ref.  9.  The  silver  electrode  was  of  rotating  disk 
construction,  having  an  exposed  face  of  diameter  0.4  cm,  encased  by  a  Teflon 
shroud.  It  was  mechanically  polished  successively  with  l.Oy  and  0.3y  alumina 
immediately  before  immersion  in  the  cell.  It  was  then  electrochemically  roughened 
in  order  to  optimise  the  SERS  intensities  by  means  of  an  oxidation-reduction 
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cycle  (ORC)  in  the  conventional  manner,  using  a  PAR  173  potentiostat  with  a 
PAR  179  digital  coulometer.  A  typical  ORC  entailed  stepping  the  potential 
from  -150  to  +250  mV,  and  return  after  the  passage  of  40  mC  cm 


of  anodic  charge. 


ca . 
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(This  roughening  procedure  increases  the  actual  silver  surface  area  only 
3b 

twofold.  )  The  PAR  173  potentlostat  was  also  used  along  with  a  PAR  173  potential 
programmer  and  a  Houston  2000  X-Y  recorder  or  a  Nicolet  2090-1  digital  oscilloscope 
to  obtain  cyclic  volt ammo grams  for  both  bulk  solution  and  surface-bound  redox 
couples.  All  experiments  were  conducted  at  23  ±  1°C  and  all  electrode  potentials 
are  quoted  with  respect  to  the  saturated  calomel  electrode  (see). 

RESULTS 

Electrochemistry  of  Adsorbed  Os(III)/(II)  Couples 

Cathodic-anodic  cyclic  voltammetry  of  the  OsCNH^^py^'^  couple  at  silver 
as  well  as  at  a  hanging  mercury  electrode  yielded  a  reversible  wave  with  E^  =  -630  mV 
in  C.l  M  HC1.  These  voltammograms  were  obtained  under  conventional  conditions 
(sweep  rates  ca.  100-500  mV  sec  b  reactant  concentration  ca.  1  mM)  for  which  the 
contribution  from  any  initially  adsorbed  reactant  is  negligible.  However,  if 
the  oxidized  and  reduced  forms  are  sufficiently  strongly  adsorbed,  the  formal 
potential  for  the  adsorbed  redox  couple  can  also  be  obtained  using  cyclic  voltammetry. 
This  entails  using  sufficiently  rapid  sweep  rates  (  2  20  V  sec  b  and  small  bulk 
reactant  concentrations  (<  0.1  mM)  so  that  the  faradaic  current  arises  almost 
entirely  from  reaction  of  the  initially  adsorbed,  rather  than  the  diffusing,  reactant. 
Figure  1A  shows  such  a  cyclic  voltammogram  for  adsorbed  0s (NH^) ^py^ at  a 

roughened  silver  electrode  in  0.1  M  NaCl  +  0,1  M  HC1;  the  sweep  rate  was  200  V  sec  1 

3+ 

.c.d  t-be  hulk  concentration,  ,  of  0s(NH^)5Py  equalled  0.05  mM.  The  almost 

•  vxr ..-trical  shape  and  near  coincidence  of  the  cathodic  and  anodic  peak  potentials, 

together  with  the  observed  linear  dependence  of  the  peak  current  upon  sweep  rate, 

indicate  that  the  waves  arise  from  initially  adsorbed  reactant.  (The  small  separation 

be  twee-  tie  cathodic  and  anodic  peaks  is  probably  due  to  uncompensated  cell  resistance.) 

The  formal  potential  for  the  adsorbed  Os  (NH~)  ,.py  ^  ^  ^  couple,  nb  is 

J  ^  <3 

Ft  terra  ned  as  670  i  5  mV  from  the  position  of  Lue  peak  potentials.  Reactant  surface 


5 


concenC rations  of  3  to  4  x  10  ^  mole  cm  ^  (for  =  0.05  mM)  were  typical  lv 
obtained  from  the  faradaic  charge  contained  under  the  voltammetric  waves.  I'he 

full  width  at  half-peak  height,  AE  ,  =95  mV,  is  close  to  the  value,  9L  mV, 

P  >2 

1 2 

expected  for  a  reversible  adsorbed  couple  obeying  the  Langmuir  isotherm. 

IIT  'II 

Comparable  results  were  also  obtained  for  adsorbed  OsCNH^^py  in  electrolytes 

containing  0.1  M  NaBr  ( vide  infra),  with  =  -700  mV  and  AE  ,  =  125  mV. 

~  a  P  .  2 

Similar  measurements  for  solutions  of  Os (NH^) ^Pz^+  in  0-1  M  Na^l  (pH  9 )  yielded 
somewhat  less  well-defined  surface  voltammograms ,  although  a  peak  for  adsorbed 

/\TIT  \ - XII/II _  - , - ]  r _ n  —  r\  1  - 1  ~  t-  ..  _  V)C  l  ' 


0s (NH^)^pz 


was  detected  for  =0.1  mM,  corresponding  to  E^  =  -355  mV 


(Fig.  2A) .  More  pronounced  surface  voltammograms  were  obtained  for  Os(NH  )^bpy 
with  E^  =  -490  mV  in  0.1  M  NaCl  (C,  =  50  pM)  .  Although  such  voltammograms 

3.  D 

might  conceivably  be  due  to  nonfaradaic  (i.e.  capacitive)  rather  than  faradaic 
current,  this  is  unlikely  since  no  such  peaks  were  detected  in  the  absence  of 
the  adsorbate.  The  values  of  in  each  case  are  not  far  from  the  values  of  E^ 
noted  above  for  the  corresponding  bulk  redox  couples.  The  corresponding  three 
ruthenium  complexes  yielded  no  detectable  surface-bound  redox  couples  within  the 
available  potential  range  (0  to  -i.O  V),  as  expected  in  view  of  the  positive  bulk 
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formal  potentials  for  these  systems  (vide  supra) 


SERS  of  Os(NH^)5py  and  Ru(NH^)^py 

Following  an  ORC  at  a  roughened  silver  electrode  in  electrolytes  containing 
either  0.1  M  NaBr  and  0.1  M  NaCl,  SER  spectra  were  obtained  for  OsfNH^py  and 
Ru(NH3)3py  over  the  potential  range  -150  and  -750  mV.  (Note  that  metal  oxidation 
states  will  be  omitted  when  referring  to  the  adsorbed  complexes  except  for 
conditions  where  they  are  clearly  known.)  Representative  spectra  of  OsfNH^^py 

and  Ru(NH3)5py  for  several  key  frequency  regions  are  shown  in  Figs.  3  and  4, 
respectively.  Tabulations  of  the  most  important  vibrational  modes  seen  for  these 
two  systems  at  a  representative  pair  of  electrode  potentials  are  given  in  rubles 
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I  and  II.  The  pyridine  ring  modes  are  assigned  Wilson  numbers  in  accordance  with 

13 

established  procedure.  These  tables  also  contain  summaries  of  the  corresponding 

normal  Raman  and  IR  vibrational  bands  for  the  bulk-phase  complexes  in  both  III 

and  II  oxidation  states.  Table  II  additionally  contains  SERS  data  for  pyridine 

obtained  under  similar  conditions;  the  observed  peak  frequencies  agree  closely 

14  15 

with  previous  detailed  reports.  ’  More  complete  tabulations  of  the  Ram. in 

and  1R  spectra  for  these  and  the  other  complexes  considered  here,  along  witii  a  more 

y 

detailed  discussion  of  the  vibrational  assignments ,  are  given  elsewhere.  The 
SER  spectra  were  generally  stable  for  at  least  30-60  mins  using  both  514.5  or 
64/. 1  nra  irradiat ion .  However,  significant  intensity  losses  typically  occurred 
at  more  negative  potentials  when  using  chloride  rather  than  bromide  electrolytes . 

The  SET  spectra  could  nonetheless  be  almost  entirely  regenerated  by  repolishing  the 
electrode  followed  by  another  ORC. 

The  various  mode  assignments  listed  were  made  on  the  basis  of  group  symmetry 
considerations,  and  by  comparison  of  the  relative  frequencies  and  intensities  with 
those  for  the  Raman  and  IR  spectra  of  uncoordinated  pyridine  ^  ^  and  a  number 
of  metal  pyridine,^  pyrazine,^^  and  ammine^  complexes  for  which  detailed  assignments 
are  available.  Although  the  normal  Raman  spectra  of  the  bulk-phase  complexes 
are  Loo  weak  to  detect  all  but  the  most  prominent  bands,  the  corresponding  SERS 
spectra  were  sufficiently  Intense  to  exhibit  these  and  most  of  the  modes  seen  in  the 
balk-phase  IR  spectra. 

A  further  aid  to  vibrational  assignments  for  Os(NH^)^py  was  provided  by 
o..am .  iTig  the  frequency  shifts  in  the  SER  spectra  brought  about  by  separate 
lieu  to  rut  inn  of  the  pyridine  ring  or  ammine  hydrogens.  The  resulting  peak  frequencies 

ir<'  also  included  in  Table  I.  SER  spectra  were  also  obtained  for  pyridine- 
deutcr.t'cii  Ru(NH^).py;  the  peak  frequencies  obtained  for  this  system  are  shown 
in  parentheses  in  Table  II.  These  frequency  shifts  enable  a  distinction  to  < 


made  between  vibrational  modes  associated  chiefly  with  the  ammine  and  pyridine 
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ligands.  For  example,  the  SERS  peak  at  468  cm  (-750  mV)  shifts  to  a  markedly 

lower  frequency  (436  cm  upon  ammine  deuteration  than  that  resulting  from 

pyridine  deuteration  (461  cm  .  This  supports  the  assignment  of  this  band  to  ai 

osmium-anmine  stretching  mode.  Indeed,  the  frequency  ratio  for  the  hydrogen 


to  deuterium  ammines 


(0.93),  is  close  to  the  corresponding  ratio  (0.92) 
,  .  „  ,  3+  19a  , 


observed  for  ammine  deuteration  in  Ru(NH.,),  .  The  strong  bands  seen  at 

J  b 

2t>7  cm  for  Os(NlI^)„py  and  at  about  300  cm  ^  for  Ku(N'H  )„py  are 

assigned  to  a  metal -pyridine  stretching  mode  on  the  basis  of  the  ver;  .u.iilar 
frequencies  observed  for  this  mode  in  a  number  of  other  transition-m  yridine 

complexes.^  The  slight  frequency  decreases  seen  for  this  band  upon  ammine 
deuteration  (Table  I)  are  consistent  with  coupling  between  the  metal-pyridine  and 
metal-ammine  vibrations. 

The  frequency  shifts  seen  in  the  SER  spectra  for  Os(NH3) ^py111^11  and 

RuII(NH^)^py  upon  deuterating  the  pyridine  ring  are  uniformly  in  good  agreement 

with  corresponding  shifts  seen  both  for  bulk  pyridine  and  several  metal  pyridine 
19  20 

complexes.  ’  Although  most  of  the  bands  in  the  frequency  region  above  ca. 

600  cm  ^  are  associated  with  pyridine  ring  modes,  there  is  also  evidence  for  the 
appearance  of  internal  ammine  modes  in  the  SER  spectra.  Thus  the  strong  NH^ 
bending  mode  at  lb20  cm  ^  for  Os^Ti^^py  (-150  mV)  shifts  to  1170  cm  ^  upon  ammine 
deuteration,  similar  to  that  observed  for  several  metal  ammine  complexes . 

Peaks  at  240  cm  ^  and  180  cm  ^  were  also  observed  in  chloride  and  bromide 
electrolytes,  respectively.  Since  very  similar  bands  are  also  observed  in  pure 
halide  electrolytes^  ’  and  the  pyridine  complexes  lack  an  electron  lone  pair  for 
surface  binding,  they  are  attributed  to  surface-halide  stretching  modes.  All  the 
absorbate  vibrational  bands  occurred  at  essentially  identical  frequencies  in 


chloride-  and  bromide-containing  electrolytes.  However,  the  latter  medium  was 


employed  ror  most  measurements  since  it  yielded  more  stable  SEK  s|>cvtr;,  •  :.il. 

at  more  negative  potentials. 

The  SEK  spectra  for  Os(NH^),py  and  Ku(NH.^)  py  exhibit  two  significant 
uifferences  as  the  potential  is  made  progressively  more  negative.  Firstl'.  ,  the 
signal  intensity  for  the  letter  system  decreases  to  a  markedly  greater  extent 
than  for  the  former.  Secondly,  several  peaks  in  the  Os(NH  )5py  spectrum  disappear, 
being  replaced  by  peaks  at  lower  frequencies.  In  particular,  the  osmium-ammi :ie 
streten  at  494  cm  ^  and  the  symmetric  ring-breathing  mode  at  1020  cm  \  both  present 
within  the  potential  region  ca.  -100  to  -60o  mV,  are  replaced  at  more  negative 

pott ntials  by  peaks  at  468  and  992  cm  ^ ,  respectively  (Fig.  3).  A  peak  al 

- 1  9 

2b7  cm  ,  tentatively  assigned  to  a  metal-pvridine  mode,  also  appears  at  mere 

21 

negative  potentials  (Fig.  3).  Such  a  frequency  decrease  for  the  metal -ammine 

19 

mode  is  consistent  with  a  reauction  of  Os (III)  to  Os (II)  (vide  infra) . '  '  The 
frequency  shift  for  the  symmetric  ring-breathing  mode  (Wilson  mode  1)  corresponds 
closely  to  tlie  frequency  difference  seen  in  the  IR  spectra  of  Os^^NH^pv 
and  it-  I(NTL)^py  (Table  I).  A  sufficiently  pure  sample  of  Os^tNH^.pv 
could  i.ot  be  obtained  to  allow  the  corresponding  frequency  shifts  for  the  other 
modi..;  :  j  bo  determined.  However,  a  comparison  with  the  corresponding  spectral 
d  if!  ere  aces  between  bulk-phase  Ru^^(NH^)  ^py  and  Ru^I(NH^)^py  (Table  11)  indicates 
that  the  frequency  shifts  seen  for  other  modes  in  the  SER  spectra  of  Os(NH^)^py 
F  aid  i  i.  -600  mV  are  also  consistent  with  a  decrease  in  metal  oxidation  state, 
or*  it!. •  i  SERJ  bands  for  Os^^NH^)  ^py  also  exhibit  significant  frequency 
i-  m.-dc Cl  Ion  to  Os(II).  In  particular,  the  asymmetric  ring  breathing 
node  hif'.s  from  10/6  to  1054  cm  \  and  the  symmetric  N-H  bending  mode  from  1354 
t .)  !  cm  (Table  I). 

<  relative  peak  intensities  of  the  1020  and  992  cm  ^  SERS  vibrational 
Y  P 

i  >i  i’s  (IIH  ^  ,py ,  Ijj-j  and  I^T,  respectively,  are  plotted  (dashed  lines)  as  a 
unci' on  >f  electrode  potential  in  Fig.  IB.  (The  potential-dependent  spectra  used 
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to  construct  Fig.  IB  were  obtained  using  the  optical  multichannel  analyzer  to 
minimize  errors  arising  from  the  temporal  decay  of  the  Raman  signals.'"')  The 
intensities  are  normalized  to  the  values  seen  at  the  potentials,  ca.  -45U  mV  and 
-800  mV,  for  the  1020  cm  ^  and  992  cm  ^  modes,  respectively.  These  potentials 
span  the  region  within  which  one  band  is  replaced  entirely  by  the  other.  For 
comparison,  corresponding  plots  of  the  relative  surface  concentrations  of 
Os  (NH^^py111  and  Os  (NH^)^py  ^ ,  [’  ^  and  ‘xi’  resPect  ively ,  ere  shown  as  solid 

curves  in  Fig.  IB.  These  were  obtained  by  integrating  the  cyclic  voltammngram 
in  Fig.  1A  to  yield  faradaic  charge-potential  (q^-E)  plots,  from  which  the 
normalized  F-E  plots  were  obtained  directly  since  q^.  ii  I'.  (Note  that  F^^  am!  F 
are  related  by  =  1  -  F  .)  Formal  potentials  for  the  adsorbed  Os ( 1 1  I ) / ( 1  I ) 

couple  may  conveniently  be  obtained  from  the  intersection  of  the  corresponding 
Os(III)-E  and  Os(II)-E  curves.  That  determined  from  SERS,  =  -b70  ’  10  mV, is 

identical  to  the  cyclic  voltammetric  value,  Ef  (vide  supra).  (This  supplants  the 

cl 

earlier  reported  value''1  of  -630  mV,  obtained  using  a  scanning  spectrometer.) 


Corresponding  SERS  data  gathered  in  bromide  electrolytes  yielded  similar  results, 


with  E 


f 

SERS 


SERS  of  Os(NH^)^pz  and  Ru(NH2)^pz  ;  Relative  Raman  Intensities 

SER  spectra  were  recorded  for  solutions  containing  ca .  0.1  mM  Os(NH^) ^pz^+ 

2+ 

and  Ru(NH2)^Pz  in  0.1  M  NaCl  or  0.1  M  NaBr  as  a  function  of  electrode  potential 
under  similar  conditions  to  those  employed  for  the  pyridine  complexes.  Representative 
spectra  for  some  key  frequency  regions  are  shown  for  (^(NH^^pz  and  Ru(NH^)^pz  in 
Figs.  3  and  6,  respectively.  The  various  vibrational  bands  observed  for  these 
systems  are  summarized  in  Tables  III  and  IV,  together  with  the  corresponding  bands 
obtained  for  SERS  of  pyrazine  obtained  under  similar  conditions  and  normal  Raman 
and  IR  spectra  of  the  bulk  complexes  in  III  and  II  oxidation  states.  The  vibrational 

assignments  given  in  these  Tables  are  based  partly  on  comparisons  with  those  given 

13  15  lb 

previously  for  pyrazine  ’  and  for  bulk -phase  metal  pyrazine  complexes. 


Several  features  of  these  SER  sp^ _~ra  are  worthy  of  particular  comment.  Firstly, 
most  vibrational  bands  associated  with  ring  modes  in  both  the  Os(NH^)^pz  and 
Ru(NH^)t-pz  SER  spectra  are  10-  to  50-fold  more  intense  than  in  the  SER  spectra 
for  the  corresponding  pyridine  complexes.  Secondly,  in  contrast  to  the  beltavior 
of  the  corresponding  pyridine  complexes,  most  bands  in  the  0s(NH^)^pz  spectra 
become  more  intense  as  the  potential  is  made  more  negative.  The  intensity  of 
the  Ru(NH^)^pz  spectra  is  only  mildly  potential  dependent  (Tigs.  5  and  6).  Thirdly, 
the  SER  spectral  features  seen  in  the  150-400  cm  ^  region  for  both  0s(NH~)^pz 
and  Ru(NH^)^pz  differ  markedly  from  those  seen  for  either  the  corresponding 
bulk  spectra  or  the  SER  spectra  for  the  pyridine  complexes.  Thus  0s(NH^)^pz  exhibits 
intense  peaks  at  304  and  345  cm  ^  (Fig.  5)  whereas  Ru (NH^)  ,-pz  yields  a  single 
broad  peak  around  300-325  cm  \  the  frequency  depending  on  the  potential  (Fig.  6). 

Tne  potential-dependent  SER  spectra  for  Os(NH^)^pz  (Fig.  5)  are  in  some 
respects  similar  to  those  for  Os(NH3)5py.  Thus  bands  appear  at  both  1020  and 
985  cm  1 ,  which  as  for  the  pyridine  analog  can  be  assigned  to  the  symmetric  ring 
breathing  modes  in  Os(IH)  and  Os(II),  respectively,  on  the  basis  of  the  frequencies 
in  the  bulk-phase  spectra  (Table  III).  However,  unlike  Os(NH^)^py  there  is  no 
straightforward  potential-dependent  substitution  of  Os(III)  by  the  corresponding 
Os(il)  bands.  Instead,  altering  the  potential  to  more  negative  values  in  the 
vicinity  of  (-335  mV,  vide  supra)  yields  a  dramatic  increase  in  the  intensity 

cl 

of  several  0s(NH^)5pz  bands  associated  with  Os(II)  (particularly  those  at  673, 

98d ,  and  1067  cm  \  Fig.  5).  This  occurs  without  a  sizable  decrease  in  some  bands 

expected  to  be  associated  with  Os(III),  especially  that  at  1020  cm'1.  Nevertheless, 

tii  :-.e  results  may  te  rationalized  by  referring  to  the  corresponding  solution  Raman 

3+  2+ 

..pectra  Cor  2.5  mM  Os(NH^)^pz  and  Os(NH^)^pz“  ,  a  segment  of  which  is  also  shown 
in  i i „ .  5.  The  normal  Raman  Os (II)  bands  are  substantially  more  intense  than  those 


for  Os(III).  In  particular,  mode  12  for  Os ( L [ )  (1067  cm  )  increases  dramatically 
relative  to  that  for  the  Os(III)  form  (1090  cm  ^  )  . 

With  this  in  mind,  a  plot  of  the  potential-dependent  peak  intensities  of  t lie 
1093  and  1067  cm  ^  bands  in  the  Os(NH^)^pz  SEK  spectra  was  prepared  (cf  Fit;-  1 K ) ; 
this  is  shown  in  Fig.  2B.  As  in  Fig.  IB,  the  SERS  data  are  compared  with  the 
0s(HI)/(II)  surface  redox  behavior  determined  from  rapid  cyclic  voltammetry 
(Fig.  2A) .  Although  the  latter  band  is  considerably  more  intense,  once  normalized 
to  their  values  at  potentials  spanning  the  potential-dependent  region  (ca.  -200  to 
-450  mV)  reasonable  correspondence  between  the  Os(III)/(II)  redox  behavior  sensed 
by  SERS  and  conventional  electrochemistry  is  again  obtained.  Thus  the  formal  potential 
determined  from  SERS,  =  -310  ±  10  mV,  is  close  to  the  voltammetric  value,  E  = 

-335  mV  (vide  supra) . 

3+ 

The  survival  of  several  bands  at  first  sight  due  to  0s(NH^)^pz  ,  especially 
those  at  1020,  702,  and  345  cm  (Fig.  5)  even  at  potentials  negative  of  this 
region  is  nevertheless  puzzling.  The  band  at  1020  cm  \  at  least,  may  be 
ascribed  to  adsorbed  pyrazine,  presumably  present  as  an  impurity. 

The  relative  Raman  scattering  efficiencies  for  the  complexes  as  well  as  for 
uncoordinated  pyridine  and  pyrazine  were  determined  both  in  aqueous  solution  and 
at  the  electrode  surface.  The  latter  utilized  coverage  data  determined  for  the 

complexes  as  above,  and  for  the  free  ligands  from  capacitance-potential  measurements. 

23 

Although  detailed  data  will  be  given  elsewhere,  some  results  pertinent  to  the 
present  study  are  now  summarized.  The  internal  heterocyclic  modes  in  the  solution- 
phase  Raman  spectra  of  the  pyridine  and  pyrazine  complexes  were  substantially 

3 

(up  to  10  fold)  more  intense  than  for  the  free  ligands  using  647  nm  and  especially 
514.5  nm  irradiation.  This  is  indicative  of  electronic  resonance  enhancement,  as 
might  be  expected  in  view  of  the  proximity  of  the  irradiation  wavelengths  to  intense 
electronic  adsorption  bands  for  these  complexes . ^  Comparably  larger  intensities 


were  typically  also  seen  in  the  SER  spectra  of  the  complexes  relative  to  those  for  the 


absorbed  Ligands.  Consequently,  the  surface  enhancement  factors  (Slvl )  for  these  systems 

i.e.  the  Raman  scattering  efficiency  of  the  adsorbed  relative  to  the  corresponding 

bulk-phase  species,  were  not  greatly  different,  lying  in  the  range  ca.  1-10  x  106 

(cf  ref  2a).  Nonetheless,  some  significant  variations  in  SEF  were  observed. 

Especially  large  SEF  were  determined  for  OsCNH^^pz,  which  were  somewhat  dependent 

2+  —  ] 

on  the  laser  excitation  wavelength.  Thus  for  mode  12  of  Os(NH3>5pz  (1067  cm  )  : 
at  514.5  nm,  SEF  =  2.5  x  10^,  whereas  at  647  nm,  SEF  ~  7.5  x  10**. ^ 

SERS  of  Os(NH^)^  bpy 

Although  the  vibrational  spectra  of  bipyridine  complexes  are  rather  more 
complicated  than  for  single-ring  heterocycles,  the  appearance  of  a  well-defined 
adsorbed  Os  (NH^)  gbpy^^^  couple  from  cyclic  voltammetry  (vide  supra)  prompted  us 
to  examine  SERS  of  OsCNH^^bpy  as  a  function  of  electrode  potential.  A  tabulation 
of  the  SER  spectral  bands  along  with  vibrational  assignments  is  given  in  ref.  9. 

Although  alteration  of  the  electrode  potential  to  values  negative  of  the  formal 
potential  for  the  adsorbed  Os(III)/(II)  couple  (-490  mV,  vide  supra)  yielded  little 
change  for  most  vibrational  modes,  the  symmetric  ring  breathing  mode  at  1005  cm-1 
decreased  in  intensity  and  a  new  band  at  996  cm  ^  appeared.  By  analogy  with  the 
results  for  the  Os^H^) ,-py111^11  couple  noted  above,  this  may  be  associated  with 
the  formation  of  0s(II)  from  Os(III) .  However,  this  conclusion  is  tempered  by 
the  greater  uncertainty  in  assigning  such  bands  in  view  of  the  relative  complicated 
structure  of  the  adsorbate. 


>.  •  •  -  -  - 
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*  .  \s.  ’  >  f  mm  , 


13 


DISCUSSION 

Since  the  silver  electrode  is  composed  of  an  array  of  surface  sites  having 

subtly  different  structural  properties,  given  that  only  a  minority  of  these 

2 

sites  may  contribute  predominantly  to  SERS  it  is  of  central  interest  to  compare 

the  energetics  of  such  "Raman-active"  sites  as  measured  by  the  potential-dependent 

Raman  intensities  with  that  for  the  overall  surface  as  obtained  from  conventional 
3 

electrochemistry.  The  remarkable  similarity  in  the  potential  dependence  of  the 
relative  surface  concentrations  of  Os^^NH^^py  and  Os^1  (NH^)  ,-py ,  F^^.  and  F^, 

p 

with  the  corresponding  relative  intensities  of  the  symmetric  ring  modes,  I^jj  and 
P  f  f 

I  (Fig.  IB),  so  that  E  x  E  ,  indicate  that  the  redox  properties  of  the  surface 
11  3  SLK 

sites  that  are  responsible  for  the  observed  Raman  signals  do  not 

differ  significantly  from  those  for  the  sites  occupied  by  the  majority  of  the 

adsorbate.  The  same  conclusion  applies  to  the  OsCNH^j^pz111^11  couple  (Fig.  2B) , 

albeit  with  less  certainty  given  the  less  straightforward  nature  of  the  Os(III) / (II) 

SERS  behavior  for  this  system. 

5s 

As  noted  previously,  the  observation  of  SERS  for  the  pyridine  complexes  is 

of  significance  in  itself  since  no  unshared  electron  pairs  are  available  on  the 

pyridine  or  ammine  ligands  with  which  to  form  an  adsorbate-surface  bond.  Such 

bonding  is  commonly  considered  to  be  a  desirable  or  even  required  feature  for  SERS.^* 

However,  N-methylpyridinium  has  been  shown  to  yield  SERS  at  silver  in  the  presence 

of  adsorbed  iodide, ^  and  SERS  have  also  been  observed  for  Ru^^ (2 ,2 ' -bipyridine) ^ 

,  ,  25 

and  related  complexes.  Most  strikingly,  we  have  recently  demonstrated  that  SERS 
can  be  obtained  for  transition-metal  hexaammine  cations  at  silver  in  the  presence 
of  adsorbed  halide,  even  though  such  species  clearly  cannot  interact  specifically 
with  the  electrode  surface.  ^  One  such  electroactive  system,  Ru(NH.,) ?+^+,  also 
yields  a  value  of  E^„n  almost  identical  to  that  of  ,  measured  as  here  by  means  of 

J  tK  3 


viv:v:v:v--;cv^ 


A 


rapid  cyclic  voltammetry.  In  common  witli  the  present  adsorbed  Os (Mi ^ )  pv 

3+/2+  3+/2+  f 

and  Os (NH^) couples,  exhibits  a  value  of  Erj  tliat  is  somewhat 

(20-100  mV)  more  negative  of  that  for  the  solution-phase  couple,  E*,  in  both 

chloride  and  bromide  media.  This  shift  is  consistent  with  the  expected  double-layer 

potentials  at  the  adsorption  site,  <p  ,  generated  by  the  extensive  halide 

3  b 

adsorption  occurring  at  silver  in  this  potential  region  (-200  to  -700  mV). 

Thus  on  the  basis  of  simple  electrostatics,  it  is  expected  that  E*  =  if  +  f„. 

a  b  R 

Electrostatic  double-layer  attraction,  clearly  all-important  for  Ru(NH„)^+/^+, 
therefore  appears  also  to  be  a  crucial  factor  in  generating  the  high  interfacial 
concentrations  (i.e.  strong  adsorption)  seen  for  the  present  Os(llI)/(Il) 
couples  in  chloride  or  bromide  media. 

The  possible  surface  orientations  are  restricted  for  the  adsorbed  pyridine 

complexes;  inspection  of  molecular  models  shows  that  the  ammine  ligands  will  prevent 

the  pyridine  ring  from  lying  flat  on  the  electrode  surface.  These  complexes  may 

2  6 

adsorb  with  the  ring  on  edge,  oriented  so  to  enable  osmium  or  ruthenium  to  ion 
pair  with  the  coadsorbed  bromide  or  chloride  anions.  Indeed,  the  halide  ions 
play  an  important  role  in  stabilizing  the  SERS  signals.  This  is  evidenced  by  the 
decreases  in  SERS  intensity,  especially  for  Ru^(NH^)  ,_py ,  brought  about  by  altering 

3 

the  potential  to  more  negative  values  where  the  halide  coverage  decreases  (Fig.  3), 
as  indicated  by  the  disappearance  of  the  surface-halide  stretching  bands.  Also 
worthy  of  comment  is  the  appearance  of  SERS  bands  associated  with  metal-ammine 
and  internal  ammino  modes  in  addition  to  metal-pyridine  and  internal  pyridine 
modes  (  Facies  i,  II),  even  though  the  coupling  between  the  ammine  ligands  and  the 
<.1  tetrode  surface  must  be  extremely  weak  (cf  ref.  5b).  Indeed,  the  intensities  of 
the  internal  iranine  modes  relative  to  the  nitrogen  heterocycle  modes  are  not 
s-Os taut ial Ly  different  in  the  SER  and  normal  Raman  spectra.  All  these  findings 
' «.i  ly  radicate  that  strong  adsorbate-surface  interactions  are  not  a  prerequisite 


io:  ;  he  observation  of  intense  SERS. 
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A  previous  comparison  of  the  bulk  vibrational  spectra  of  liquid  pyridine  with 


a  number  of  divalent  metal  pyridine  complexes  has  shown  that  the  frequency  « > !  .1 


number  of  pyridine  ring  modes,  especially  modes  6a  (605  cm  *),  1  (990  cm  *),  and 


8a  (1590  cm  ,  increase  significantly  upon  coordination.1^  These  shifts 


can  be  ascribed  in  part  to  coupling  with  low  frequency  metal- 


pyridine  vibrations. 


17d 


Similarly,  the  frequencies  of  most  pyridine  modes 


in  the  SER  spectra  of  Os111  (Nll^)  ^py ,  Os^tNH^^py ,  and  Ru1I(NH^)^py  are  close  to. 


but  significantly  higher,  than  those  for  the  corresponding  bands  in  the  SER  spectra  for 

free  pyridine:  a  few  modes,  most  notably  the  A.  6  .  mode  (6a),  exhibit  20-30  cm  1 

’  1  ring 

higher  frequencies  in  the  metal  complexes  (Tables  I,  II).  The  close  similarities 


in  the  frequencies  of  all  modes  in  the  SER  spectra  of  these  complexes  with  those 
in  the  corresponding  bulk-phase  spectra  (Tables  I,  II)  indicates  that  the  silver 


surface  exerts  only  a  very  minor  perturbation  on  the  bonding  within  these  complexes. 


-1 


The  notably  (10-30  cm  )  lower  frequencies  of  several  metal-ligand  and  pyridine 


ring  modes  for  OsII(NH^)^py  compared  with  Os111 (NH^) ^py  (Table  I)  are  consistent 


with  the  high  degree  of  metal  to  ligand  back  bonding  expected  for  Os(II),  yielding 


II, 


an  increase  of  tt  electron  density  on  the  pyridine  ring  for  Os  (NH3),.py  compared  to 


III 


Os  (NH^^py.  Interestingly,  the  frequency  of  the  symmetric  ring  breathing  mode 


for  OsI1(NH^)^py  (992  cm  ^)  is  noticably  lower  than  for  RuII(NH^)^py  (1012  cm  ) 


27 


This  mode  is  known  to  be  especially  sensitive  to  the  pyridine  environment.  This 


II, 


lower  value  of  vring  f°r  0s  (NH^J^py  is  consistent  with  the  more  extensive  metal 

28 


to  ligand  back  bonding  expected  for  Os (II)  than  for  Ru(II) ,  and  suggests  that 
the  force  constant  of  the  ring  mode  is  decreased  as  a  result  of  a  greater 
nonbonding  electron  density. 

The  comparison  between  the  SER  spectra  of  the  pyrazine  and  pyridine  complexes 
is  interesting  since,  unlike  the  latter,  surface  binding  for  the  former  complexes 


can  occur  via  the  remote  pyrazine  nitrogen.  By  analogy  with  the  known  influence  of 


coordination  at  the  remote  nitrogen  upon  the  redox  behavior  of  Os  (NH  )  pz  *  1  1  **,*l,L' 

surface  attachment  via  this  nitrogen  might  be  expected  to  yield  large  (;  200  mV) 
positive  shifts  in  resulting  from  stabilization  of  the  Os(II)  state.  However, 

3 

as  noted  above  both  the  SERS  and  electrochemical  data  for  Os(NH^)^pz  (Figs.  2,3) 
yield  a  formal  potential,  E^  ~  -320  mV  is  distinctly  ncjuli-J-;  of  that  for  the 
bulk  couple,  -240  mV.  It  is  conceivable  that  a  portion  of  die  Os (II)  adsorbate 
is  sufficiently  stabilized  with  respect  to  electrooxidation  that  it  is  effectively 
electroinactive  at  silver;  however  this  is  inconsistent  with  the  loss  of  the 
Os(il)  SEK  signals  positive  of  ca.  -300  mV.  This  therefore  suggests  that  nitrogen 
surface  coordination  of  0s(NH^)^pz  does  not  exert  a  major  influence  upon  the  redox 
behavior. 

Nevertheless,  some  spectral  features  for  the  pyrazine  complexes  suggest 

that  adsorbate-surface  electronic  coupling  plays  a  more  significant  role  than  for 

the  pyridine  complexes.  The  appearance  of  especially  intense  bands  around 

300  cm  1  in  the  SER  spectra  of  both  0s(NH^)^pz  and  Ru(NH^)^pz,  attributed  to 

9 

metal-pyrazine  stretching  modes,  is  of  interest  in  this  regard.  The  breadtli 
of  tne  Ru(NH^)^pz  band  together  with  its  potential  dependence  (Figure  6)  suggests 
that  it  is  composed  of  more  than  one  vibrational  mode;  indeed,  two  distinct  bands 
are  seen  for  0s(NH^)^pz  (Fig.  5).  These  bands  may  well  correspond  to  metal-pyrazine 
vibrations  at  different  surface  sites. 

The  especially  large  SEF  seen  for  adsorbed  Os(NH^)^pz^+  suggests  that  significant 

modifications  in  the  electronic  properties  are  brought  about  by  adsorption. 

Guard. ’nation  of  the  pyrazine.  nitrogen  to  the  metal  surface  might  be  expected  to 

7c 

shift  the  prominent  adsorption  band,  centered  at  460  nm,  to  longer  wavelengths 
by  analogy  with  the  effect  of  bulk-phase  coordination . 10b ,C 


Such  a  shift 


snould  further  enhance  the  SER  intensities,  as  observed,  if  a  conventional  electronic 
resonance  effect  is  operative  since  the  514.5  and  b47  nm  laser  irradiation 
lies  within  the  long  wavelength  "tail"  of  the  absorption  band. 

It  is  also  worth  noting  here  that  the  similarities  seen  in  the  degree  of 

resonance  enhancement  for  the  bulk-phase  and  adsorbed  pyridine  and  pyrazine 

complexes  indicate  that  this  "conventional  resonance"  effect  simply  forms  a 

additional  independent  factor  contributing  to  the  overall  SERS  effect.  This  provides 

2e 

argument  against  the  currently  popular  notion  that  a  major  portion  of  the 
observed  SERS  effect  commonly  arises  from  "surface  resonance"  associated  with 
adsorbate-metal  charge-transf er  excitations.  Such  a  mechanism  is  inconsistent 
with  the  present  finding  that  the  additional  signal  enhancement,  presumably  due 
to  "isolated  molecule  resonance",  occurs  at  the  surface  to  a  comparable  or  greater 
extent  than  in  bulk  solution. 

The  difference  in  the  potential  dependencies  of  the  overall  SERS  intensities 
for  the  pyridine  and  pyrazine  complexes  is  also  suggestive  of  nitrogen  surface 
binding  for  the  latter.  As  noted  above,  the  appearance  of  SERS  for  the  former 
adsorbates  appears  to  require  strong  halide  coadsorption.  In  contrast,  SERS  for 
the  pyrazine  complexes  persists  even  at  the  most  negative  potentials  (ca.  -750  mV) 
where  halide  coadsorption  is  relatively  weak.  Presumably  the  nitrogen-bound 
pyrazine  complexes  can  both  create  and  stabilize  "Raman-active"  sites,  whereas  the 
surface  sites  responsible  for  SERS  of  pyridine  complexes  are  both  created  and 
stabilized  by  surrounding  halide  anions. 

The  near-zero  separation  of  the  cathodic  and  anodic  peak  potentials  for  the 
adsorbed  OsCNH^) ^py11^^1  redox  couple  (Fig.  1A)  indicate  that  the  heterogeneous 

_3 

electron-transfer  reaction  is  rapid  on  the  electrochemical  time  scale  (i  10  sec). 
However,  the  presence  of  distinct  vibrational  modes  associated  with  Os(III)  and 


Os (II)  indicate  that  it  is  a  valence-trapped  (class  II)  system"  on  the  vibrational 
time  scale.  This  is  expected  in  view  of  the  relatively  weak  coupling  between  the 
oxniium  redox  center  and  the  metal  surface  for  this  system.  The  SERS  of 
Os(.hl3)bpzIII/I1  also  shows  hallmarks  of  class  II  behavior  [cf.  mixed-valence 
diruthenium  complexes'^]  . 

CONOLL'DINC  REMARKS 

The  foregoing  demonstrates  that  SERS  can  provide  a  valuable  tool  for  examining 
sequential  redox  states  for  adsorbed  coordination  compounds  at  metal  surfaces. 
Particularly  encouraging  is  the  remarkably  close  correspondence  between  the  potential- 
dependent  redox  equilibria  for  adsorbed  transition-metal  couples  as  sensed  by  SERS 
and  that  obtained  from  conventional  electrochemistry,  and  the  simple  rationalization 
of  the  adsorption-induced  changes  in  the  redox  equilibria  in  terms  of  electrostatic 
double-layer  effects.  It  also  suggests  that  SERS  can  usefully  be  employed  to 
unravel  redox  pathways  for  more  complex,  electrochemical  reactions  involving 
adsorbed  species  where  the  identification  of  the  intermediates  and  products  can  be 
fraught  with  difficulties. 

In  view  of  the  intensity  and  richness  of  the  SER  spectra,  the  technique  shows 
promise  as  a  means  of  obtaining  hitherto  unavailable  vibrational  information  for 
coordination  compounds  that  can  be  electrostatically  or  chemically  bound  to  silver 
electrodes.  Tills  includes  oxidation  states,  such  as  Os(IIl),  that  are  difficult 
to  obtain  in  pure  form  in  bulk  media  due  to  their  chemical  reactivity.  Such 
information  tor  sequential  oxidation  states  is  required  in  order  to  understand  redox 
reactivity  in  terms  of  the  molecular  structural  changes  accompanying  electron 
transfer.  This  approacn  also  enables  information  to  be  gained  for  the  first  time  on 
the  moUcuiar  details  associated  with  heterogeneous  electron-transfer  processes. 

. leasuremencs  of  the  dynamic  as  well  as  equilibrium  properties  of  transition-metal 
adsorbates  obtained  using  time-resolved  SERS  combined  with  conventional  electro¬ 
chemistry  are  underway  in  our  laboratory. 
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Table  IV.  Major  vibrational  bands  for  pentaamminepy razineruthenium(lll) / (II)  at  silver  electrodes  and 
in  bulk  media;  comparison  with  pyrazine. 


Notes  to  Tables  I-1V 


Frequencies  listed  are  typically  accurate  to  within  2-3  cm 
Explanation  of  symbols:  w  =  weak,  m  =  medium,  s  =  strong,  vs  =  very 
strong,  br  =  broad,  sh  =  shoulder 

As  assigned  for  benzene:  see  ref.  13. 

^ Assuming  C9  symmetry  for  pyridine  or  pyrazine;  C^v  symmetry  for  metal- 
nitrogen  moHes.  V 

Q 

Vibrational  assignments;  see  text  and  ref.  9  for  details.  Symbols: 
v,  stretching  mode;  6,  in-plane  bending  mode;  y,  out-of-plane  bending  mode. 

^Bulk  Raman  and  Infrared  spectra  recorded  as  mixture  of  Cl  ,  CIO^  ,  I  , 
or  PF^  salt  to  KBr  or  Csl  in  solid  pellet.  ’ 

0 

chloride  salt 
^perchlorate  salt 
^iodide  salt 

^hexaf luorophosphate  salt 

XSER  spectra  obtained  using  ca.  0.1  -  1  mM  complex  at  roughened  silver 
electrode  in  either  0.1  M  NaBr  or  0.1  M  NaCl  (see  text  and  figure 
captions  for  details).  For  pyridine  complexes,  electrolyte  also 
contained  0.1  M  HC1  to  suppress  hydrolysis.  Potentials  quoted  versus 
saturated  calomel  electrodes  (see) . 

^Obtained  using  0.01  M  pyridine  or  pyrazine  in  0.1  M  NaCl 

SER  spectra  for  complex  prepared  with  pentadeuterated  pyridine. 

^ SER  spectra  for  complex  containing  deuterated  ammine  ligands; 
prepared  by  dissolving  complex  in  neutral  D^O. 
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A.  Cathodic-anodic  cyclic  volt ammo gram  for  adsorbed  Os (NH^ ) ^py * ^ ^ ^  redox  couple 

at  roughened  silver-aqueous  interface  in  0.1  M  NaCl  +0.1  M  HC1 .  Electrode 

2 

(apparent  area  =  0.125  cm  )  roughened  by  means  of  an  oxidation-reduction  cycle  in 
this  supporting  electrolyte;  (roughness  factor  ca.  1.8  on  basis  of  capacitance 
measurements'^).  Bulk  Os  ^  *  (NH^)  ,_py  concentration  =  50  ;;M ;  sweep  rate  =  100  V  see 

B.  Plots  of  relative  surface  concentrations  for  adsorbed  Os^^(NH^)^pv  and 
0s^^(NH^)^py  against  electrode  potential  (solid  curves),  and  relative  peak 
intensities  of  the  1020  cm  ^  and  992  cm  ^  SERS  vibrational  modes  (dashed  curves) 
plotted  against  electrode  potential  on  the  same  scale.  Experimental  conditions 
as  for  Fig.  1A.  Solid  lines  were  obtained  by  integrating  the  cyclic  voltammogram 
in  Fig.  1A  as  outlined  in  the  text.  Both  the  adsorbate  surface  concentrations 
and  the  SERS  intensities  for  Os(III)  and  Os(II)  are  those  relative  to  the  values 
at  -150  and  -800  mV  vs.  see  (see  text).  SER  spectra  obtained  using  647.1  nm 
irradiation. 

Figure  2 

A.  Cathodic-anodic  cyclic  voltammogram  for  adsorbed  0s(NH^)^pz1^1'^11  redox  couple 
at  silver-aqueous  interface.  Conditions  as  in  Fig.  1A,  except  bulk  Os(III) 
concentration  =  100  pM,  supporting  electrolyte  pH  9,  sweep  rate  =  20  V  sec 

B.  Plots  of  relative  surface  concentrations  for  Os111 (NH^)^pz  and  Os  )^pz 

against  electrode  potential  (solid  curves),  and  relative  peak  intensities  of  the 

1093  cm  1  and  1067  cm  ^  SERS  vibrational  modes  (dashed  curves)  plotted  against 


electrode  potential  on  the  same  scale.  Experimental  conditions  as  for  Fig.  2A. 
Solid  lines  were  obtained  by  integrating  the  cyclic  voltammogram  in  Fig.  2A. 
SER  spectra  obtained  using  647.1  nm  irradiation. 


Representative  SER  spectra  of  Os(NH3)5py  as  a  function  of  electrode  potential  at 

3+ 

roughened  silver;  solution  contained  0.1  mM  Os(NH3),.py  in  0.1  M  NaBr  and  0.1  M  HC1 
Spectral  conditions:  514.5  run  excitation,  100  mW  incident  power,  scan  speed  1  cm 
sec  *,  time  constant  1  sec,  resolution  4  cm  \  Spectra  obtained  at  successively 
more  negative  potentials  following  surface  roughening  by  means  of  an  oxidation- 
reduction  cycle  (see  text). 

Figure  4 

Representative  SER  spectra  of  Ru(NH3)^py  as  a  function  of  electrode  potential. 
Conditions  as  in  Fig.  3,  except  intensity  scales  differed  from  Fig.  2A  by  factors 
indicated . 

Figure  5 

A.  Solution  Raman  spectrum  of  Os**1 (NH^ ) ^pz  (lower  trace)  and  of  Os**(NH3)3pz 
(upper  trace,  x  0.5).  Sample  concentration  =  2.5  mM.  Conditions  as  in  Fig.  3, 
except  incident  laser  power  was  400  mW. 

B  -L>.  Representative  SER  spectra  of  Os(NH3)^pz  as  a  function  of  electrode  potential 
Conditions  as  in  Fig.  3,  except  supporting  electrolyte  was  0.1  M  NaCl  and  intensity 
scalts  differed  from  Fig.  2A  by  factors  indicated. 

Fig  e  n 

Representative  SER  spectra  of  Ru(NH3),.pz  as  a  function  of  electrode  potential. 

-4 

Conditions  as  in  Fig.  3,  except  supporting  electrolyte  was  0.1  M  NaCl  +10  M 
'Id  and  intensity  scales  differed  from  Fig.  2A  by  factors  indicated. 


Flgu  re _ /' 

Representative  SER  spectra  of  Os(NH3)3bpy  as  a  function  of  electrode  potential. 


Conditions  as  noted  in  footnote  to  Fig.  6. 


